Impacts of conventional and organic agriculture on soil-borne entomopathogenic fungi by Clifton, Eric Harold
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2013
Impacts of conventional and organic agriculture on
soil-borne entomopathogenic fungi
Eric Harold Clifton
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Agriculture Commons, Entomology Commons, and the Soil Science Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Clifton, Eric Harold, "Impacts of conventional and organic agriculture on soil-borne entomopathogenic fungi" (2013). Graduate Theses
and Dissertations. 13370.
https://lib.dr.iastate.edu/etd/13370
 Impacts of conventional and organic agriculture on  
soil-borne entomopathogenic fungi 
 
by 
 
Eric Harold Clifton 
 
 
A thesis submitted to the graduate faculty  
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
Major: Entomology 
Program of Study Committee: 
Aaron Gassmann, Major Professor 
Erin Hodgson 
Joel Coats 
Cynthia Cambardella 
Iowa State University 
Ames, Iowa 
2013 
Copyright © Eric Harold Clifton, 2013.  All rights reserved. 
ii 
TABLE OF CONTENTS 
LIST OF FIGURES .......................................................................................................... iii 
LIST OF TABLES ............................................................................................................ iv 
CHAPTER 1.  GENERAL INTRODUCTION .................................................................... 1 
Literature Cited ................................................................................................... 12 
CHAPTER 2.  EFFECT OF CONVENTIONAL AND  
ORGANICAGRICULTURE ON SOIL-BORNE  
ENTOMOPATHOGENIC FUNGI ................................................................................... 18 
Abstract .............................................................................................................. 18 
Introduction ......................................................................................................... 19 
Materials and Methods ....................................................................................... 22 
Results ............................................................................................................... 32 
Discussion .......................................................................................................... 34 
Acknowledgements ............................................................................................ 39 
Literature Cited ................................................................................................... 39 
CHAPTER 3.  GENERAL CONCLUSIONS ................................................................... 52 
APPENDIX.  SOIL PROPERTIES AND FIELD 
HISTORY FOR 2011 SOIL SAMPLES .......................................................................... 54 
ACKNOWLEDGEMENTS ............................................................................................. 61 
  
iii 
LIST OF FIGURES 
Figure 1 Field sites in Iowa sampled for soil during summers of  
2011 and 2012, with each site containing two corn and  
two soybean fields. .................................................................................. 47 
Figure 2 Soil sampling schematic for one field and its  
respective margin. ................................................................................... 48 
Figure 3 Proportion of soil samples in 2011 & 2012 that contained  
at least one entomopathogenic fungus based on  
the baiting procedure with Galleria mellonella larvae. 
Bars are sample means plus the standard error of the mean.  . .............. 49 
Figure 4 Abundance of fungi from genus Metarhizium in 2011 & 2012  
from colony-forming unit counts on artificial media.  The y-axis 
indicates the mean number of colony-forming units per 
gram of dry soil plus the standard error of the mean. .............................. 50 
Figure 5 Abundance of fungi from genus Metarhizium in 2011 divided 
among the six different sites .................................................................... 51 
  
iv 
LIST OF TABLES 
Table 1 Multiple regression model using stepwise selection that 
excludes parameters with P values > 0.15.  Dependent variable 
of Metarhizium colony-forming units g-1 dry soil in 2011 was  
used.  CFUs were LOG10 [(x+1)] transformed to  
normalize the residuals. ........................................................................... 45 
Table 2 Mixed-model analysis of variance models for the pesticide  
spray chamber experiment.  Model #1 uses the final number 
of CFUs g-1 dry soil (LOG10 [(x+1)] transformed) and measures 
effects of pesticides.  Model #2 uses the proportion of  
Galleria mellonella larvae killed by entomopathogenic fungi after  
7 days exposure to soil and measures the effects of pesticides  
and CFUs g-1 soil.  Model #3 also uses the proportion of  
G. mellonella larvae killed by entomopathogenic fungi but only  
measures the effects of pesticides. .......................................................... 46 
 
1 
Chapter 1: GENERAL INTRODUCTION 
Thesis Organization 
The thesis is organized into three chapters: a literature review, research project, 
and a general discussion.  The literature review discusses the increasing market for 
organic farming and growing interest in biological control, differences between organic 
and conventional agriculture, the biology of entomopathogenic fungi and their role in 
agroecosystems, the hypothesized effects of cropping practices and pesticides on 
entomopathogenic fungi, and the relevance of my work to soil conservation and 
integrated pest management. 
 
Objectives 
1. Measure the abundance of entomopathogenic fungi in organic  
and conventional cropping systems and describe factors that  
affect their abundance. 
2. Determine what impacts herbicides and fungicides can have on 
entomopathogenic fungi in the soil. 
 
Literature Review 
Increased interest in organic farming and natural enemies 
Acreage dedicated to organic farming in the world has grown from 11 million 
hectares in 1999 to 37.2 million hectares in 2011 (Willer & Lernoud 2013).  Pushing this 
change is the growing consumer demand and increased research for organic crops.  In 
some countries, organic agriculture now accounts for more than 10% of the agricultural 
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landscape, e.g. Sweden with 15.40% in 2011 (Organic World 2013).  In contrast, 0.60% 
(roughly 1.95 million hectares) of the agricultural land in the United States was certified 
organic in 2011 (OW 2013).  Despite the small percentage, the United States has a 
large area of organic farmland and sales of organic produce averages more than $25 
billion annually (ERS 2012). 
 Together with this shift in the farming landscape and economy, researchers are 
questioning whether or not intensive cropping practices have negative impacts on the 
sustainability and the overall health of agroecosystems (Hole et al. 2005).  Recent 
meta-analyses have found that organic farming reduces environmental impacts, 
provides greater soil fertility, has increased species richness of birds, insects and 
plants, including a greater abundance of natural enemies (Bengtsson et al. 2005, Hole 
et al. 2005, Garratt et al. 2011, Tuomisto et al. 2012).  The general conclusions from 
these review papers suggest that farming practices which conserve soil organic matter 
through reduced tillage and applications of organic fertilizers can benefit populations of 
invertebrates and soil microbes.  At the same time, the large-scale composition of an 
agroecosystem, i.e. heterogeneity and semi-natural habitats, can also contribute to 
greater biodiversity.  In essence, conventional farms can have equal or even greater 
biodiversity than an organic farm when using specific targeted practices and 
constructing habitats like hedgerows and permanent grass strips to bolster populations 
of natural enemies (Bengtsson et al. 2005). 
With a global population expected to reach 9 billion in coming decades, the 
increased demand for crops comes with an increased use of fertilizer and pesticides 
(Hole 2005, Godfray et al. 2010).  Producers battling crop-consuming insects have 
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predominantly put their faith in cheap and effective chemical insecticides since their 
widespread adoption in the late 1940’s (Vega et al. 2009).  Newer technologies 
including transgenic crops, like those containing toxins derived from the bacterium 
Bacillus thuringiensis (Bt), have helped to lessen the reliance on chemical insecticides 
to combat pests.  However, reports of resistance development to transgenic crops 
containing Bt (Downes, Parker & Mahon 2010, Dhurua & Gujar 2011, Gassmann et al. 
2011) indicate the necessity for integrated pest management tactics, including the use 
of natural enemies.  Given the meta-analyses that report greater abundance of natural 
enemies in organic agroecosystems, producers ought to consider what farming 
practices could support larger populations of these beneficial organisms. 
Biological control via natural enemies can include predators, parasitoids and 
pathogens.  For instance, the soybean aphid (Aphis glycines) has a range of natural 
enemies belonging to these different groups.  Predatory beetles in the family 
Coccinellidae can feed upon aphids, parasitoid wasps in the family Braconidae can 
oviposit within an aphid and subsequently mummify its target host, and the fungus 
Pandora neoaphidis (Remaudiere & Hennebert) Humbler (Entomophthoromycotina: 
Entomophthorales) can hijack the tissues of an aphid and develop infectious spores on 
the host cadaver (Scorsetti et al. 2012).  A great deal of research has focused on 
predator and parasitoid interactions with agroecosystems, including the aforementioned 
lady beetles and parasitoid wasps.  For instance, organic cereal fields in Denmark had 
overall greater abundance of invertebrates, including coccinellid beetles, compared to 
conventional fields in the region (Reddersen 1997).  However, the research on 
pathogens and their possible interactions with agroecosystems has been lacking.  If 
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producers seek the services of natural enemies including insect-pathogenic fungi, a 
greater understanding of native populations in agroecosystems is necessary. 
Discerning organic and conventional farming 
Organic farming can be defined as a cropping system that use a holistic 
approach, harnessing natural processes and emphasizing the ecology of the farm (Soil 
Association 2013).  In general, conventional farming practices are considered to be 
more “intensive” on the landscape and wildlife compared to organic practices.  The term 
“intensive cropping practice” is synonymous with heavy manipulation of the soil 
substrate combined with the use of synthetic inputs, including fertilizers and pesticides.  
It should be noted that sustainable cropping practices are intrinsic but not exclusive to 
organic farming (Hole et al. 2005).  For example, conventional producers still have the 
option to apply manures to their soil as opposed to a synthetic blend of supplemental 
nitrogen and phosphorus.  The definition of organic farming can differ by country and as 
a result the allowable practices can vary.  The United States Department of Agriculture 
follows the guidelines of the National Organic Program and defines organic production 
as a system integrating cultural, biological, and mechanical practices that foster cycling 
of resources, promote ecological balance, and conserve biodiversity (National Organic 
Program 2013). 
Regardless of these definitions, there are factors that largely distinguish organic 
farming from conventional farming and could help to explain differences in biodiversity.  
First, organic farming operates without synthetic fertilizers and in its place uses 
mulches, manures, composts and other “green” fertilizers.  Mulches and manures can 
not only harbor a diversity of microorganisms and invertebrates, but can also increase 
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soil enzyme activity (McLaughlin & Mineau 1995).  Secondly, organic farming often uses 
specific methods of cultivation (e.g. no-till and strip-till) to conserve soil organic matter.  
Abundance of soil carbon not only promotes plant diversity and vigor but also bolsters 
heterotrophic soil microbes (Shannon et al. 2002).  Finally, organic farming is prohibited 
from using synthetic chemicals (Šrůtek & Urban 2008).  Conventional pesticides can not 
only kill nontarget organisms in the agroecosystem but can disrupt the food chains of 
organisms at higher trophic levels including birds and mammals that feed upon 
arthropods nonthreatening to crops (Garratt et al. 2011). 
The services of entomopathogenic fungi 
Entomopathogenic fungi, particularly Metarhizium brunneum (formerly 
Metarhizium anisopliae) (Hypocreales: Clavicipitaceae) and Beauveria bassiana 
(Hypocreales: Cordycipitacea), have been studied for their ecological service of 
imposing mortality on pest insects (Lord 2005).  These entomopathogens are ubiquitous 
in both natural and agricultural environments and certain species can persist in the soil 
for extended periods of time (St. Leger 2008).  Metarhizium brunneum and B. bassiana 
have a broad host spectrum and help to suppress populations of pest insects under 
certain field conditions (Pilz et al. 2011).  Infection depends upon contact of the asexual 
reproductive structures known as conidia with the cuticle of the host insect (Hummel et 
al. 2002).  The conidia use numerous enzymes to suppress host defenses and pass 
through the cuticle (Zimmermann 2007).  Hyphal bodies or blastospores progress within 
the insect’s body cavity – obstructing organs, sapping nutrients and producing toxic 
compounds (e.g., beauverin produced by B. bassiana).  After death of the host, fungi 
cover the cadaver with new conidia ready for dispersal (Hajek & St. Leger 1994). 
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The studies on EPF for their potential as biopesticides dates back to 1835 when 
Agostino Bassi discovered that the disease killing silkworms in the French silk industry 
was caused by the fungus now known as B. bassiana (Lord 2005).  The first formal and 
published proposal for microbial control came with John LeConte’s suggested use of 
microsporidia to control grape phylloxera, Daktulosphaira vitifoliae (Fitch).  He and 
LeConte presented visionary ideas for alternative methods of pest control and paved 
the way for future scientists to study EPF.  The groundbreaking field trials with EPF 
started with a Russian microbiologist, Elie Metchnikoff, who later became a Nobel Prize 
winner and named M. anisopliae (more recently named M. brunneum) (Vega et al. 
2009).  Metchnikoff was able to mass produce conidia on sterilized brewer’s mash and 
combine cultures with sand granules for spreading on field plots.  Though results were 
inconsistent, the work of Metchnikoff ignited curiosity around the world and led to 
programs in Europe and even the University of Kansas in the United States for 
experimentation with “friendly fungi” against pest insects (Lord 2005). 
Studies on EPF entered a “dark age” after World War II when affordable 
chemical insecticides became the standard for arthropod pest control.  More recent 
developments on EPF show that they can serve as more than just biological control 
agents.  Fungi belonging to the genus Metarhizium can dramatically increase the rate of 
root hair development in switch grass and translocate nitrogen from an insect cadaver 
to plant tissues and in return receive carbohydrates and proteins from the plant (Behie 
et al. 2012, Sasan & Bidochka 2012).  Treating corn seeds with conidia of M. anisopliae 
has in some cases provided greater plant stand density and yield (Kabaluk & Ericsson 
2007).  The fungus B. bassiana can suppress phytopathogens when it colonizes plant 
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tissues in cotton (Ownley et al. 2008).  Studies like these suggest that fungal 
entomopathogens require more investigation, considering their potential services of 
aiding plant development in nutrient-deprived soils and combatting plant disease. 
Past studies on EPF in agroecosystems 
Determining whether or not conventional farming practices can have negative 
impacts on EPF requires a holistic approach.  Researchers have sampled organic and 
conventional farm soil in order to find differences (if any) in the abundance and diversity 
of EPF (von Kleespies et al. 1989, Klingen et al. 2002).  Some studies found organic 
farms to be more suitable habitats for EPF but others have not found differences 
between the two (Jabbour & Barbercheck 2009).  The services provided by these 
pathogens are particularly worthwhile to organic producers limited by pest control tactics 
that do not violate their organic certification.  At the same time, conventional producers 
could benefit from the services of EPF if they can adapt farming practices that aid the 
survival of these natural enemies, primarily through strategies of improving soil health 
via addition of soil organic matter, cover crops and reduced tillage (Magdoff 2001).  It is 
worth describing both biotic and abiotic factors of soil that can vary between organic and 
conventional farms due to field management practices. 
There is debate about whether or not soil organic matter (SOM) affects the 
abundance and diversity of EPF (Jabbour & Barbercheck 2009).  High SOM can attract 
potential arthropod hosts and thereby increase EPF numbers.  At the same time, high 
SOM can create a competitive environment with antagonistic microbes and enhance the 
suitability of the environment for mycophagous (fungi-consuming) fauna (e.g. 
collembolans and nematodes).  Nevertheless, collembolans can vector EPF which are 
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not pathogenic to them.  Conidia can adhere to the collembolan cuticle and pass to 
potential hosts via physical contact.  Particular species of EPF can pass through a 
collembolan digestive tract and can still be viable after excretion (Dromph 2001, 
Dromph & Vestergaard 2002). 
Entomopathogenic fungi require arthropod hosts in order to reproduce (Meyling & 
Eilenberg 2007).  Fluctuating populations of EPF can correspond to the life cycles of 
pest insects in a cropping system and explain cases of widespread infections referred to 
as epizootics (Hughes et al. 2004, Meyling & Eilenberg 2007, Pilz et al. 2011).  These 
natural enemies are density-dependent for transmission, with greater spread resulting 
from large populations of susceptible insects coming into contact with conidia and then 
other individuals in a population (Hesketh et al. 2010).  In other words, EPF can 
resemble a “minefield” where the odds of intercepting susceptible hosts can be affected 
by the number of arthropods treading their habitat (Jaronski 2010).  Beauveria spp. and 
Metarhizium spp. can be easily cultured on artificial media, but they are poor contenders 
for soil nutrients compared to other soil microbes (Ownley et al. 2010).  Once EPF have 
invaded a susceptible host, they are rather efficient at fending off saprophytic 
competitors by releasing antibiotic toxins and keeping nutrients from the infected host 
for its own reproduction of conidia (Hughes et al. 2004).   
The particulate composition of soil, including sand, clay and silt, can influence 
soil porosity and affect the accessibility of water, oxygen and nutrients for EPF 
(Quesada-Moraga et al. 2007, Garrido-Jurado et al. 2011).  Soils with high clay content 
can have greater abundance of EPF because the pore size and cation exchange 
capacity of clay particles may absorb conidia (Vänninen et al. 1989).  Sandier soils can 
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be unsuitable environments for fungal entomopathogens as the substrate is prone to 
rapid desiccation.  Rainfall events could force conidia to percolate deeper and away 
from potential host arthropods in the uppermost layers of soil.  The composition of 
metallic ions in soil also could affect EPF.  Jabbour and Barbercheck (2009) found that 
abundance of M. brunneum was negatively associated with higher concentrations zinc, 
sulfur and copper.  Ropek & Para (2002) found a similar effect with heavy metals that 
could inhibit the growth of the pathogenic fungus Verticillium lecanii (Zimmermann) Zare 
& W. Gams.  Additional factors that can influence the persistence of EPF in soils are 
temperatures, adhesion of conidia (based on morphology), rainfall and crop density (Pilz 
et al. 2011). 
Regarding soil substrates on a larger scale, anthropogenic alterations can harm 
soil microbes.  Soil cultivation is one defining characteristic of an agroecosystem.  Most 
producers with an incentive to cultivate a field will disk or strip till the soil in order to 
reduce compaction, remove weeds and increase water penetration to planted seed 
(Hummel et al. 2002).  A no-till strategy leaves the topsoil undisturbed and intact at the 
time of planting.  To date there have been mixed results regarding tillage and its effects 
on fungal entomopathogens, some arguing that soil disturbance can disperse fungi and 
others arguing that tillage could expose fungal propagules to UV radiation or kill 
potential insect hosts, thus indirectly lowering abundance of EPF over time (Hummel et 
al. 2002, Meyling & Eilenberg 2007, Jabbour & Barbercheck 2009).  Some forms of 
cultivation can be considered as less “disruptive” than others.  Conservation tillage 
partially removes topsoil, leaving behind crop residue and some topsoil to retain soil 
moisture and organic matter (Paoletti et al. 1992).  Bing and Lewis (1993) found the 
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greatest number of B. bassiana colony-forming units in soils from a no-tillage system in 
one year; however, the abundance of B. bassiana varied among different cultivation 
practices in the following years. 
The hypothesized effects of pesticides on EPF 
Pesticides used in conventional agriculture may have negative effects on the 
abundance of entomopathogens.  Many studies have concluded that fungicides, and in 
some instances herbicides, can significantly reduce the germination and development of 
EPF (Samson et al. 2005, Yanez & France 2010, D'Alessandro et al. 2011).  Fungicides 
are most harmful to EPF despite their purpose of killing crop pathogens.  However, the 
toxicity of fungicides to EPF can vary by active ingredient and the species of interest 
(Klingen & Huakeland 2006).  Insecticides can be indirectly harmful to the EPF when 
potential hosts are removed from an agroecosystem.  A few herbicides, including 
glyphosate, have been shown to be fungistatic despite their use for weed control.  
Formulations of glyphosate have been shown to be fungicidal to plant pathogens 
including Fusarium solani (Martius) Sacardo and Phytophthora spp., but not detrimental 
to species like Pythium spp. (Kassaby 1985, Kawate et al. 1992).  The fungicidal effects 
of herbicides like glyphosate may not occur under field conditions where the chemical 
can bind to clay particles in most soil types and reduce its bioavailability and movement 
through the soil substrate (Morjan et al. 2002). 
The results of in vitro studies with pesticides may not be simple to relate to the 
natural populations of entomopathogenic fungi in the field.  More in situ studies that 
attempt to simulate field scenarios are needed (Jaronski 2010).  A greenhouse study by 
Bruck (2009) found that none of the fungicides applied to potted plants had deleterious 
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effects on Metarhizium anisopliae (F52) in bulk soil, but two of the fungicides 
significantly reduced colony-forming units in the rhizosphere soil.  Similar studies with 
pesticides and M. anisopliae have shown that it can be tolerant of many pesticides.  It is 
also worth mentioning that the tolerance to pesticides can vary between isolates within 
one species (Mietkiewski et al. 1997).  Jaros-Su et al. (1999) found that the survival of 
B. bassiana conidia in the soil was greater in plots treated with either water or copper 
hydroxide compared to those sprayed with either mancozeb or chlorothalonil.  It is 
difficult to say whether or not a pesticide is ultimately harmful to EPF when the methods 
used in these types of experiments can be inconsistent.  A great number of these 
studies involve laboratory-cultured strains of EPF being used for arthropod pest control 
in conjunction with fungicides for phytopathogen control and may not reflect the 
interactions between naturally-occurring populations of EPF and pesticides. 
Relevance of my work 
For my study, I wanted to sample entomopathogenic fungi from pairs of organic 
and conventional fields throughout the state of Iowa.  I constructed multiple regression 
models to analyze the abundance of EPF in a holistic manner and not just focus on a 
comparison of organic versus conventional agriculture.  I used soil properties and field 
management practices to help explain the variation in data.  I also conducted a lab 
study that was more representative of the field than previous in vitro studies and 
determined the impacts of particular pesticides on soil-borne EPF.  I used several 
Metarhizium strains and selected some of the same herbicides and fungicides used by 
the Iowa producers that cooperated on the field study.  Ultimately, I wanted to better 
understand the interactions between fungal entomopathogens and agroecosystems so 
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that farming practices can be altered in ways that enhance the soil environment and 
subsequently the efficacy of these natural enemies (Meyling & Eilenberg 2007). 
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CHAPTER 2.  EFFECT OF CONVENTIONAL AND ORGANIC AGRICULTURE ON  
SOIL-BORNE ENTOMOPATHOGENIC FUNGI 
A paper to be submitted 
Eric H. Clifton, Stefan T. Jaronski, Erin W. Hodgson and Aaron J. Gassmann 
Abstract 
Entomopathogenic fungi (EPF) kill pests and can diminish outbreaks.  Species of 
EPF such as Beauveria bassiana and Metarhizium brunneum (formerly M. anisopliae) 
are significant mortality factors for several insects.  Better understanding of these 
organisms is an essential step in developing strategies to conserve EPF in agricultural 
systems.  We hypothesize that 1) organically farmed soil is more suitable to EPF than 
conventional soil, and 2) conventionally-farmed soil, coupled with the use of synthetic 
chemical inputs, could have negative impacts on EPF.  In 2011 and 2012, soil was 
collected from organic and conventional fields of corn and soybean and the field 
margins.  Entomopathogenic fungi from the soil samples were quantified by measuring 
mortality of larval greater wax moth, Galleria mellonella (Lepidoptera: Pyralidae), and by 
counting colony-forming units on selective growth media.  Field history and soil 
properties were analyzed with multiple regression analysis to determine factors that 
may affect the abundance of fungal EPF.  In 2011, the EPF B. bassiana and EPF in the 
genus Metarhizium were lowest in conventional fields, and the average number of 
colony-forming units for Metarhizium spp. was also lowest in conventional fields.  
Multiple regression analysis revealed that abundance of Metarhizium was positively 
associated with applications of organic fertilizer and silt content, and negatively 
associated with nitrogen content, tillage, conventional field margins, conventional fields 
19 
and herbicide applications.  A laboratory study was conducted in which herbicides and 
fungicides were applied to soil containing different strains of Metarhizium, and the 
abundance of fungi was measured after the addition of pesticide by quantifying colony-
forming units on selective media and larval mortality of G. mellonella.  None of the 
pesticides had significantly negative impacts on the abundance and virulence of 
Metarhizium spp.  These results suggest that soil properties and particular farming 
practices, can affect populations of soil-borne EPF. 
Keywords: Metarhizium, Galleria mellonella, insect pathogenic fungi, field history, soil 
properties, pesticides 
Introduction 
In recent years, consumer demand for organic agriculture has grown steadily.  
The global area devoted to organic agriculture has increased from 11 million hectares in 
1999 to 37.2 million hectares in 2011 (Willer & Lernoud 2013).  Recent meta-analyses 
find that organic cropping systems can not only provide greater soil fertility and lessen 
negative impacts on general biodiversity, but could also bolster the diversity and 
abundance of natural enemies, which have the potential to suppress crop pests 
(Bengtsson, Ahnström & Weibull 2005; Garratt,Wright & Leather 2011). 
The United States Department of Agriculture (USDA) provides organic 
certification to producers that follow the guidelines outlined by the National Organic 
Program (NOP) – a regulatory program housed in the USDA Agricultural Marketing 
Service branch (Agricultural Marketing Service 2013).  According to the NOP, organic 
production is defined as a system that integrates cultural, biological and mechanical 
practices that foster cycling of resources, promote ecological balance and conserve 
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biodiversity (National Organic Program 2013).  The observation that organic 
agroecosystems have greater numbers of natural enemies compared to conventional 
systems may result from differences in field management practices.  First, organic farms 
operate without synthetic fertilizers and instead use mulches, liquid and/or solid 
manures and other organic nitrogen supplements.  Mulches and manures not only 
harbor a diversity of microorganisms and invertebrates, but also increase soil enzyme 
activity (McLaughlin & Mineau 1995).  Organic producers use specific methods of 
cultivation (e.g. no-till and ridge-till) that improve the physical condition of soil and 
conserve organic matter in the process of removing weeds and alleviating compaction 
(Paoletti et al. 1992, National Organic Program 2013).  Abundance of soil carbon in a 
system using conservation tillage encourages populations of heterotrophic microbes 
and may conserve soil-borne pathogens (Hummel et al. 2002, Shannon, Sen & Johnson  
2002).  Finally, organic farming (as described by the NOP) is prohibited from using 
synthetic pesticides that could inadvertently harm beneficial organisms in the 
agroecosystem, including animals at higher trophic levels such as birds and mammals 
(Šrůtek & Urban 2008; Garratt, Wright & Leather 2011; Forster et aI. 2013). 
One group of natural enemies that may be negatively affected by intensive 
cropping practices are entomopathogenic fungi (EPF), particularly Beauveria bassiana 
(Hypocreales: Cordycipitacea) and species in the genus Metarhizium (Hypocreales: 
Clavicipitaceae) that provide an ecological service of killing pest insects (Lord 2005).  A 
great number of past studies on EPF dealing with Metarhizium anisopliae may have 
actually observed multiple species within the recently updated phylogeny (Bischoff, 
Rehner & Humber 2009).  Entomopathogenic fungi are ubiquitous in both natural and 
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agricultural environments, and can use the soil substrate for long-term persistence 
(Hajek & St. Leger 1994).  Research on EPF has often tested their potential use as 
biopesticides via mass production and subsequently application in field crops or 
greenhouses.  Because EPF can stimulate growth of plants and inhibit phytopathogens, 
more research is needed on their overall importance to agroecosystems, and how 
abiotic and biotic factors can impact their presence (Vega et al. 2009; Behie, Zelisko & 
Bidochka 2012). 
A study by Klingen, Eilenberg & Meadow (2002) found that soils of organic fields 
in Norway had significantly more EPF than conventional fields; however, they found no 
significant difference in the occurrence of EPF between the soils from undisturbed field 
margins of the two cropping systems.  Klingen, Eilenberg & Meadow (2002) 
hypothesized that organic fields are more suitable environments for EPF due to a lack 
of synthetic field inputs and the use of organic fertilizers.  Other studies also have found 
that the use of organic fertilizers can bolster fungal biomass (Verstraete & Voets 1977; 
Shannon, Sen & Johnson  2002).  Because belowground entomopathogens are closely 
associated with soil structure and stability, disturbances and compaction caused by 
intensive cultivation could negatively impact EPF (Paoletti et al. 1992; Dighton et al. 
1997).  However, some studies did not find significant differences in EPF abundance 
between organic and conventional cropping systems (Jabbour & Barbercheck 2009; 
Meyling, Thorup-Kristensen & Eilenberg 2011). 
It is unclear what factors contribute to EPF abundance in agroecosystems, but 
synthetic pesticides may have negative effects.  Numerous studies have concluded that 
fungicides, and in some instances herbicides, can significantly reduce the germination 
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and development of EPF (Samson et al. 2005; Yanez & France 2010; D'Alessandro et 
al. 2011).  Most of the studies on pesticide and EPF interactions thus far have used in 
vitro methods where the pesticides come into direct contact with conidia – methods that 
do not represent more complex interactions in the soil.  Jaros-Su, Groden & Zhang 
(1999) recovered fewer B. bassiana colony-forming units in the soil of plots treated with 
the fungicides chlorothalonil or mancozeb compared to the control; yet, the same 
pattern was not observed in the following year.  More in situ studies are needed that 
attempt to simulate the field scenarios with soil-borne EPF and pesticides (Jaronski 
2010).   
The goal of this research was to determine whether or not organically-farmed 
soils have greater abundance of EPF compared to conventionally managed soils, and to 
determine whether some soil properties and field histories were correlated with the 
abundance of EPF.  Additionally, in situ greenhouse experiments were conducted to 
test the hypothesis that synthetic pesticides are harmful to EPF. 
Materials & Methods 
Field Study 
Soil sampling.  We sampled from six different locations in Iowa in 2011 and 2012 
(Figure 1).  Two organic fields and two conventional fields were located within a 5-km 
radius of one sampling location.  We sampled a total of 12 organic farms and 12 
conventional farms producing corn (Zea mays) or soybean (Glycine max) in 2011.  In 
2012, we sampled the same 12 conventional farms and eight of the organic farms for a 
total of 20 fields.  Four of the organic fields were not sampled in 2012 due to their 
rotation to oats (Avena sativa) or cattle pasture.  Organic fields had at least three 
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consecutive years of USDA certification prior to 2011.  In 2011, soil was sampled 
between 6-15 July; in 2012, the fields were sampled between 25-30 June.   
One-L soil samples were taken with a hole cutter across a depth of 0 to 20 cm, 
after removing surface litter (SKU 1001-19, Par Aide, Lino Lakes, Minnesota).  Figure 2 
shows the spatial arrangement of samples within each field.  Samples were kept in 
3.79-L polyethylene bags (Model 785982, Johnson & Son, Racine, Wisconsin), returned 
to the lab and stored at 5 °C before use in experim ents.  A total of 216 samples were 
collected in 2011 and 180 samples in 2012. 
Collecting entomopathogens.  Field soil was filtered with a 5.6-mm copper sieve 
(Cat. no. 048815A, Fisher Scientific, Hanover Park, Illinois) to remove debris and larger 
soil aggregates, and 150 mL of soil was placed in sealed, plastic 0.35-L containers 
(model YL512, Johnson Paper, Minneapolis, Minnesota) and moistened with distilled 
water.  Larvae of the greater wax moth, Galleria mellonella (Lepidoptera: Pyralidae), 
were used as bait insects to collect EPF (Goettel & Inglis 1997).  Six larvae were placed 
into each container, which was then held in an incubator (27 °C; 0/24 L/D; 40% RH) for 
7 days (Model I41LL, Percival Scientific, Perry, Iowa). 
Dead insects were removed from containers after 4 and 7 days and surface-
sterilized with 85% ethanol before being placed in a sealed petri dish for collection of 
EPF following the methods of Goettel & Inglis (1997).  Sealed petri dishes were 
composed of a 4-cm petri dish bottom, lined with moistened filter paper, floating in a 5.5 
cm petri dish containing approximately 2 mL of deionized water and secured with a Petri 
dish lid, providing a humid environment for conidia of EPF to develop on an insect 
cadaver.  These petri dishes, containing insect cadavers, were kept in darkness within a 
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cabinet at room temperature (ca. 24 °C).  Cadavers were checked after 14 days and 
EPF identified if present.  Fungi were identified by morphology of conidia with a 
dissecting microscope (x40) and light microscopy (x400) following the key in Goettel & 
Inglis (1997).  Metarhizium anisopliae is defined in the broad sense (sensu lato) 
throughout the present study due to more recent revisions to the phylogeny of the 
genus (Bischoff, Rehner & Humber 2009).  It is possible that different species in the 
genus Metarhizium were isolated from our samples. 
Samples were graded qualitatively; if the soil sample (one container) produced at 
least one G. mellonella cadaver with EPF after 7 days of baiting, it was marked positive 
for occurrence of EPF.  This means that whether only one or several larvae infected 
with the same EPF were observed for one container of soil it was registered as one 
infection.  For comparison of organic and conventional soils in 2011, both arable fields 
and margins are included, based on a total of 216 samples from 24 locations – 108 from 
organic farms and 108 from conventional farms.  Comparisons between occurrence of 
EPF in organically versus conventionally managed arable fields and field margins are 
based on 144 arable field soil samples and 72 field margin samples in 2011.  For the 
2012 samples we used the same chi-square model for comparisons but used a total of 
180 samples – 72 from organic farms and 108 from conventional farms. 
Colony-forming unit counts.  Entomopathogenic fungi in soil were measured with 
serial dilutions followed by plating on selective agar media (Goettel & Inglis 1997).  For 
one arable field, 20 g of soil from each of the six samples was added to a 0.95-L 
polyethylene bag (Model 785905, Johnson & Son, Racine, Wisconsin) and mixed with a 
steel spatula for 1 min. before undergoing serial dilutions.  For each field margin, 20 g of 
25 
soil from each of the three samples was combined and mixed before undergoing serial 
dilutions.   
Two serial dilutions were made (1:100 & 1:1000) per sample with a solution of 
autoclaved 0.10% Tween 80 surfactant (Tween 80® Acros Organics, Morris Plains, New 
Jersey), and three replicates of both dilutions were spread on separate 10-cm beveled 
ridge petri dishes (Cat. no. 08-757-13, Fisher Scientific, Hampton, New Hampshire) 
containing oatmeal dodine media modified from Chase et al. (1986).  Dodine 
concentration was adjusted to 0.39 g L-1 to accommodate greater sensitivity of 
Metarhizium spp., and the original antibiotics substituted with 0.25 g L-1 
chloramphenicol.  This selective medium allows Metarhizium spp. to grow but inhibits 
the growth of other fungi and soil microorganisms.  An additional three replicates for 
both the 1:100 and 1:1000 dilutions were plated on another oatmeal dodine media 
modified from Chase et al. (1986) that is selective for B. bassiana.  The media selective 
for B. bassiana contained the same components but had an adjusted dodine 
concentration of 0.62 g L-1 and included 10 mg L-1 crystal violet. 
Petri dishes were placed in a dark incubator (27 ºC), and checked for growth of 
individual colonies after 11 days, with each colony scored as a single colony-forming 
unit (CFU) using a digital pen counter (Cat. no. S94107, Fisher Scientific, Hampton, 
New Hampshire).  The number of CFUs g-1 dry soil was calculated after adjusting for 
moisture content of the soil (Goettel & Inglis 1997).  We quantified CFUs for 576 petri 
dishes in 2011 and 480 plates in 2012. 
Soil analysis.  Samples were submitted to the Iowa State University Soil and 
Plant Analysis Laboratory (Iowa State University, Ames, Iowa) in order to obtain percent 
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organic carbon and percent nitrogen values using combustion methods described by 
Combs and Nathan (1998).  Soil samples also were sent to the Iowa State University 
Agronomy Department (Iowa State University, Ames, Iowa) to obtain percent sand, clay, 
and silt particle composition following the particle size analysis protocol by Gee and 
Bauder (1986). 
Field history.  Field managers were asked a standardized set of questions each 
year regarding cropping methods and field inputs that were used prior to when fields 
were sampled.  The following questions were asked: 1) was the field cultivated at least 
once or was it no-till?; 2) was the field fertilized or unfertilized?; 3) if fertilized, was it an 
organic fertilizer (solid or liquid manure and/or compost) or synthetic?; 4) was the field 
sprayed with at least one herbicide?; and 5) was the field sprayed with at least one 
fungicide? 
Pesticide Experiment 
Fungi strains.  We used three strains of Metarhizium spp. obtained from the Pest 
Management Research Unit at the Northern Plains Agricultural Research Laboratory 
(United States Department of Agriculture - Agricultural Research Service) in Sidney, 
Montana.  Conidia were produced with solid substrate fermentation following Jaronski & 
Jackson (2012).  The strains studied were Metarhizium robertsii DWR346, Metarhizium 
robertsii DWR356 and Metarhizium brunneum MA1200.  Viability of conidia for each 
strain was determined 24 h prior to inoculating soil following Goettel & Inglis (1997).  
Briefly, a solution of autoclaved 0.10% Tween 80 surfactant (Tween 80® Acros 
Organics, Morris Plains, New Jersey) and conidia was spread on Sabouraud dextrose 
agar media and incubated in dark at 27˚C for 16-20 h (Goettel & Inglis 1997).  
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Germinated conidia were counted using a compound microscope (Nikon Eclipse E200, 
Nikon Instruments Inc., Melville, New York) set at 400x magnification.  The desired 
concentration of viable conidia for inoculation was adjusted using a hemacytometer 
(Cat. no. 02-671-55A, Fisher Scientific, Hampton, New Hampshire). 
Soil inoculation.  Soil was obtained from a field in corn and soybean rotation 
located on an Iowa State University research farm in Ames, Iowa, and air dried on a 
tarp for 7 days in a greenhouse bay.  The soil was determined to be loam textured 
(approx. 50% sand, 30% silt and 20% clay) was sieved with a 1-mm2 stainless steel 
mesh to remove debris and produce a more uniform substrate for inoculation.  The 
100% water holding capacity (WHC) of the sieved soil was gravimetrically determined to 
be approx. 1.24 mL g-1 using a porcelain Buchner funnel (Cat. no. FB-966-D, Fisher 
Scientific, Hampton, New Hampshire).  Soil was inoculated with suspensions of fungi 
containing approx. 4.0x106 conidia mL-1 at a rate of 0.31 ml g-1 in order to achieve 25% 
WHC, with approx. 1.0x106 conidia g-1 soil.  Conidia suspensions were applied as a 
drench and mixed with soil using sterile spatulas for approx. 2 min. before inoculated 
soil was placed in 0.35-L polyethylene cups (Model YL512, Johnson Paper, 
Minneapolis, Minnesota).  The day of inoculation can be referred to as day zero in the 
timeline of the pesticide experiment.  
One block of the experiment used one rep for 20 different treatments of 
inoculation by pesticide application.  In other words, one block contained 20 cups of soil 
containing one of the three Metarhizium strains or a negative control inoculated with 
0.10% Tween 80 surfactant.  One block was setup every six days after the first block, 
starting on April 5, 2012 and the last block inoculated on May 16, 2012.  With eight 
28 
blocks in the experiment, we inoculated and sprayed pesticides for a total 160 cups of 
soil.  The cups were randomly arranged on a greenhouse bench that was 60 cm below 
lamps.  The greenhouse was kept on a 14/10 day/night cycle with a temperature range 
of approx. 24 °C to 32 °C and average humidity of a pprox. 30%.  Every 48 h after soil 
inoculation on day zero, deionized water was added to each container until it reached 
25% WHC, simulating rainfall events and returning soil to its original wet weight from the 
day of inoculation. 
Pesticide application.  On day eight of the timeline, we sprayed containers of soil 
with one of four different pesticides or a negative control with deionized water and 
0.10% crop oil concentrate.  The herbicides glyphosate and glufosinate ammonium 
were applied at rates of 54 fl oz/ha and 89 fl oz/ha, respectively.  The fungicide with the 
two active ingredients prothioconazole and trifloxystrobin was applied at 12.36 fl oz/ha 
and the fungicide pyraclostrobin was applied at 29.6 fl oz/ha.  All pesticides, with the 
exception of glufosinate ammonium (formulation includes a surfactant), were 
incorporated with crop oil concentrate at 0.10% in order to assist with agitation. 
Pesticides were applied to cups using a motorized DeVries spray chamber 
(Department of Plant Pathology, Iowa State University) with a single flat spray tip (SKU 
Tjn_80015-VS, TeeJet Technologies, Wheaton, Illinois).  Pesticides were applied 30 cm 
above cups at a rate of 168 L hectare-1 (44.5 gal ha-1) with the highest allowable field 
rate for a one-time application, according to the pesticide’s label for corn and soybean.  
Cups of soil were returned to the greenhouse bench and drenched to 25% WHC every 
48 h with deionized water in the same fashion as days zero through eight of the 
timeline. 
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CFU counts.  On day 15 of the timeline, a small core was sampled from the 
center of the soil mass in a cup using two steel spatulas.  Cores were crushed before 
placing approx. 0.50 g in a test tube containing 9 mL of 0.10% Tween 80 surfactant.  
Dilutions were carried out in the same fashion as the field study experiment using the 
1:00 and 1:000 dilutions.  Three replicates of both dilutions were spread on separate 
petri dishes containing selective agar media in order to quantify CFUs (Goettel & Inglis 
1997).  In each of the eight blocks, we counted CFUs for six petri dishes from each of 
the 20 cups of soil, providing a total of 960 petri dishes.  The 1:100 dilutions produced 
more consistent numbers of CFUs (>20 per petri dish), thus the 480 petri dishes from 
the 1:100 dilutions were used for the data analysis. 
Galleria bioassay.  Similar to our field study experiment, we used larval G. 
mellonella to detect EPF in our cups of soil treated with pesticides or the control 
(deionized water and crop oil concentrate).  After performing serial dilutions on day 15 
of the timeline, five 44-mL containers with lids (Translucent Plastic Soufflé Cup, Solo 
Cup Company, Highland Park, Illinois) were made on the same day for each of the 20 
cups of soil from the greenhouse, providing a total of 100 containers in one block and 
800 containers after all eight blocks of the experiment.  Ten g of crushed soil and one 
G. mellonella larva were put into each 44-ml container and held in a dark cabinet at 
room temperature (ca. 24 °C) for 7 days.  Dead inse cts were removed daily and placed 
on petri dishes with moistened filter paper in the same fashion as described in the field 
study experiment.  Sporulating cadavers were identified based on morphological 
characteristics of the fungi.  The proportion of G. mellonella larvae killed by fungi (n = 5) 
was recorded after the 7-day period. 
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Data analysis. 
Standard methods for χ2 tests (PROC FREQ, SAS Institute Inc., 2012) were used 
for comparison of occurrence of EPF in soil from organic and conventional soils, and for 
comparisons between arable fields versus field margins.  The occurrence of EPF was 
registered qualitatively for each container of soil based on the baiting procedure with 
larval G. mellonella. 
We used t-tests (one-tailed, assuming unequal variances) with a threshold of P < 
0.05 for significance to summarize CFU counts from the field samples (Sokal & Rohlf 
1995).  We tested significance between CFU counts for arable field soil from 
conventional and organic farms and field margins of the respective treatments.  The null 
hypothesis (Ho) was that CFUs would not differ between organic and conventional soils 
in both the arable field and the field margins, and the alternative hypothesis (Ha) was 
that organic soil would have greater CFUs than conventional soil in the arable field and 
the field margins. 
Multiple regression analysis was performed in SAS Enterprise Guide 5.1 (PROC 
REG, SAS Institute Inc., 2012) in order to predict the variation in data for CFU counts 
with physical soil properties and field history as parameters.  In order to be included in 
the final model, the predictors had to fulfill the criteria of having a P value < 0.15 using 
stepwise selection which starts with forward selection of parameters and alternates 
between the removal of insignificant parameters and the addition of significant 
parameters with each step.  Multiple regression is a powerful tool for multivariate 
analysis and has been used in similar ecological studies (Sokal & Rohlf 1995, Quesada-
Moraga et al. 2007). 
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We used analysis of variance (ANOVA) in SAS Enterprise Guide 5.1 (SAS 2012) 
for the data in the pesticide experiment.  The ANOVA was a mixed model (PROC 
MIXED), with random effects tested using a log-likelihood ratio statistic (-2 RES log 
likelihood in PROC MIXED) based on a one-tailed χ2 test assuming one degree of 
freedom (Littell et al. 1996), with random factors removed from the model to increase 
the statistical power when these factors were not significant at a level of α < 0.25 (Quinn 
& Keough 2002).  The number of CFUs g-1 soil were log transformed (base 10) to 
normalize residuals. 
We used three different mixed-model ANOVAs for the pesticide experiment and 
analyzed the data separately by fungi strain.  The first mixed-model ANOVA tested the 
hypothesis that the concentration of CFUs in bulk soil will be affected by pesticides.  
The first mixed-model used the fixed factor of pesticides and block was used as the 
random factor. 
The second mixed-model ANOVA tested whether or not the proportion of  
G. mellonella larvae killed by EPF is affected by the final concentration of CFUs and/or 
the application of pesticides.  Fixed factors in the model were pesticides and mean 
number of Metarhizium CFUs g-1 soil and the interaction between pesticides and 
Metarhizium CFUs g-1 soil.  We used block as the random factor in the second mixed-
model.  The third and final mixed-model ANOVA tested whether or not proportion of G. 
mellonella larvae killed by fungi is affected by pesticides alone.  The third mixed-model 
used pesticide as the fixed factor but excluded the number of Metarhizium CFUs g-1 
soil.  Block was once again used as the random factor in the third mixed-model. 
32 
 
Results 
Baiting of pathogenic fungi.  There was significantly greater occurrence of EPF 
in arable fields of organically-farmed soil than in arable fields of conventional-farmed 
soil in 2011 (P = 0.0418, χ2 = 4.14, df = 1, Figure 3).  For the field margins, there was no 
significant difference for EPF occurrence between organic and conventional systems (P 
= 0.1643, χ2 = 1.93, df = 1, Figure 3a).  In 2012, the occurrence of EPF on G. mellonella 
cadavers did not significantly differ between organic and conventionally managed soil 
(Figure 3b). 
Colony-forming unit counts.  For the 2011 data, abundance of Metarhizium in 
organic field soil was significantly higher than conventional field soil (P = 0.0023, Figure 
4a).  In the same year, abundance did not significantly differ between organic field 
margins and conventional field margins (P = 0.3034, Figure 4a).  The abundance of 
Metarhizium was not consistent among the six sites.  For one site in 2011, the 
abundance of Metarhizium was higher in the conventional fields compared to organic 
fields (Figure 5c).  No significant differences were found between treatments with the 
2012 CFU counts (Figure 4b).  In both years of the study, only two organic fields 
produced B. bassiana colonies on selective media, and as a result data was insufficient 
for comparisons among treatments for this particular fungus. 
Multiple regression with stepwise selection for the 2011 data produced a model 
that explained approx. 22.9% of the variation and retained the parameters of percent 
nitrogen, tillage, manure/compost application, conventional field, herbicide application 
percent silt and conventional margin (Table 1).  Conventional field and herbicide were 
33 
found to be collinear parameters, with every conventional field receiving herbicide.  
Thus, they were combined into a single parameter of conventional field.  The model 
revealed that the density of Metarhizium spp. CFUs was positively correlated with soils 
that received organic fertilizers and had higher silt composition, but was negatively 
correlated with nitrogen content, tillage, being adjacent to a conventional field (i.e. 
conventional margin), and conventional fields (or the herbicides that were applied to 
conventional fields).  For the 2012 data, no parameter was retained in the model. 
Pesticide experiment.  For the cups of soil containing no inoculation of fungi 
(controls), there was no effect of pesticides on mortality.  The dead insects from these 
controls did not develop conidia from Metarhizium, suggesting that there were no EPF 
in the soil prior to inoculation with the 0.10% Tween surfactant. 
For all three strains of Metarhizium, there was no significant effect of pesticides 
on the final number of CFUs g-1 soil (Table 2, Model #1).   
For the proportion of G. mellonella larvae killed by fungi, including the number of 
CFUs g-1 soil as a covariate, pesticides have no effect (Table 2, Model #2).  Because 
there was no significant effect of CFUs g-1 soil for all three strains, we removed the 
covariate from the model to produce model #3 to see if pesticides alone could explain 
the variation in data. 
When removing the covariate of CFUs g-1 soil and using the same dependent 
variable, it appears that there is still no significant effect of pesticides on the proportion 
of G. mellonella larvae killed by fungi (Table 2, Model #3). 
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Discussion 
In 2011 we found that occurrence of EPF (Figure 3a) and abundance of 
Metarhizium CFUs (Figure 4a) were significantly lower in conventional field soil 
compared to organic field soil.  The results are similar to the findings of Klingen, 
Eilenberg & Meadow (2002) where conventional soil from the arable field had 
significantly lower occurrence of EPF.  However, the results here conflict with the results 
of Meyling, Thorup-Kristensen & Eilenberg (2011) and others who found no significant 
differences in the abundance of EPF between the two farming systems (Jabbour & 
Barbercheck 2009; Goble et al. 2010). 
Multiple regression analysis for the 2011 data showed that both physical soil 
properties and some cropping practices explained abundance of Metarhizium.  Both silt 
content and use of organic fertilizers (i.e. compost and manures) were correlated with 
greater CFUs.  Soils rich in silt particles have greater water retention and consequently 
protect conidia from desiccation (Quesada-Moraga et al. 2007).  Organic fertilizers may 
increase the abundance of soil-inhabiting insects and consequently increase the 
abundance of potential hosts available to EPF (Klingen, Eilenberg & Meadow 2002).  
Artificial applications of horse manure containing conidia from a strain of Metarhizium 
anisopliae resulted in successful control of biting midges, suggesting a positive 
interaction between organic fertilizer substrates and fungal entomopathogens (Ansari et 
al. 2011). 
Colony-forming units decreased with higher amounts of nitrogen and decreased 
when fields were tilled.  The negative relationship with nitrogen (N) levels is unclear and 
may reflect a trend for conventional systems to have greater yielding crops than organic 
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systems.  Large yields in the conventional systems can return a great deal of N sources 
to the soil in the forms of plant tissues and root exudates after harvest (Seufert et al. 
2012).  Previous studies have observed that the enzymatic activity of EPF can be 
repressed in the presence of high levels of carbon (C) and N (St. Leger 1993, Qazi & 
Khachatourians 2008).  As a result of this relationship, supplemental N from fertilizers 
and crop residues may negatively affect soil-borne EPF.  Tillage was associated with 
lower abundance of Metarhizium, suggesting that no-till may be a beneficial practice for 
soil microorganisms, even in conventionally managed systems (Bing & Lewis 1993, 
Jabbour & Barbercheck 2009, Vanninen 1996). 
Every conventional producer that participated in the field study had used at least 
one herbicide on their fields prior to our soil sampling in 2011, hence the collinear 
predictor was retained in our regression model.  Some herbicides, including glyphosate 
used by many of the conventional producers, can be fungistatic (Morjan et al. 2002, 
Samac & Foster-Hartnett 2012).  Soil samples labeled as “conventional field margin” 
had a significantly negative relationship with CFUs in the multiple regression model, 
suggesting that EPF in conventional field boundaries may be negatively affected by 
practices that occur within the fields themselves.  Conventional cropping systems on 
average have greater levels of nitrogen leaching (Tuomisto et al. 2012) and an 
abundance of nitrogen sources in the margin could reduce enzymatic activity of EPF 
and subsequently reduce their abundance (Qazi & Khachatourians 2008). 
B. bassiana was rare in our samples.  Past research has found that Metarhizium 
spp. tend to dominate below-ground while B. bassiana dominates above-ground 
systems (Meyling, Thorup-Kristensen & Eilenberg 2011).  Metarhizium spp. are easily 
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isolated from agricultural soils whereas high numbers of B. bassiana conidia have been 
found in undisturbed forest habitats and semi-natural landscapes (Imoulan et al. 2011, 
Meyling et al. 2009, Tarasco and Triggiani 2010).  Though we confirmed the presence 
B. bassiana in G. mellonella cadavers and selective media plates, the fungus was 
present on fewer than ten petri dishes containing selective media in 2011 and with only 
one or two CFUs on a particular petri dish.  Bing and Lewis (1993) found an average of 
51-74 B. bassiana CFUs g-1 soil in corn fields.  In contrast, abundance of Metarhizium in 
conventional corn fields averaged 694 CFUs g-1 soil and organic corn fields averaged 
1725 CFUs g-1 soil in 2011. 
In contrast to the significant results in 2011, the summer of 2012 showed no 
significant differences between organic and conventional cropping systems and may 
have resulted from abnormally high seasonal temperatures and drought.  Iowa’s degree 
day totals for the end of June 2012 (during the week of our soil sampling) ran 56% 
higher than the previous year and were 62% above normal (Hillaker 2012a).  In the 
months of June, July and August in 2012, the state of Iowa received 16.79 fewer cm of 
rainfall than normal (Hillaker 2012b).  In contrast, the months of June, July and August 
in 2011 received only 2.62 fewer cm of rainfall than normal (Hillaker 2012c).  Many of 
the studies on EPF have concluded that environmental conditions including 
precipitation, temperatures and insect host population can explain the seasonal 
variations in abundance (Bing and Lewis 1993, Ekesi et al. 2003, Jabbour and 
Barbercheck 2009).  In a Yaginuma (2007) study, seasonal amounts of rainfall varied 
greatly by year and were highly correlated (r = 0.94) to the number of insect cadavers 
collected throughout the years of the study.  
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Though many studies have found herbicides and fungicides to be inhibitory to 
EPF in vitro (reduced germination and growth on agar media), fewer have been able to 
replicate similar results in the field.  The results here are similar to the Bruck (2009) 
study that used some of the same fungicides as in this experiment experiment and 
found no effect of fungicides on CFUs in bulk soil.  Aside from the two fungicides used 
in the experiment, the two herbicides appear to have no effect as well.  Loria, Galaini & 
Roberts (1983) found that the fungicides mancozeb and metiram were inhibitory to B. 
bassiana on agar plates in the laboratory, but only mancozeb significantly differed from 
the control when used in the field.  Ali, Huang & Ren (2013) observed a reduction in 
enzyme activities (chitinase, Pr1, Pr2 and lipase) for the fungus Lecanicillium 
muscarium when exposed to the fungicides propicanazole and pyraclostrobin.  The 
enzymatic activity of EPF is essential for penetration of a host cuticle and subsequently 
killing the host.  The sensitivity of EPF to pesticides can vary greatly by species. Fungi 
in Entomophthorales tend to be more sensitive to herbicides than Hyphomycetes 
(Poprawski & Majchowicz 1995).  Based on results from this study and similar 
experiments in the past, it would appear that the toxic action of some herbicides and 
fungicides may not have a significant impact on Metarhizium spp. in bulk soil (Bruck 
2009; Mochi, Monteiro & Barbosa 2005).  More studies will have to be completed on the 
interactions between plant-systemic pesticides and endophytic EPF in order to answer 
the questions on the rhizosphere and its complex relationship with EPF. 
In efforts to better understand EPF, it is paramount to investigate how cultural, 
biological and mechanical practices in our cropping systems can affect these natural 
enemies.  One year in the field study showed a greater abundance of EPF belonging to 
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the genus Metarhizium in organic cropping systems compared to conventional cropping 
systems.  We found that factors including the particulate composition of soil, tillage, and 
organic fertilizers can influence Metarhizium.  In 2011, we found that the abundance of 
Metarhizium was low in margins adjacent to conventional fields, suggesting that 
cropping practices within a field could have outreaching effects on soil-borne 
microorganisms outside of a field.  Multiple regression analysis explained roughly 23% 
of the variation in data for 2011 CFU counts, meaning that various factors soil samples 
not measured in the experiment could help to explain the abundance of Metarhizium.  A 
study by Jabbour & Barbercheck (2009) found that the proportion of G. mellonella 
larvae infected by Metarhizium anisopliae was negatively associated with higher 
concentrations of zinc, copper and sulfur in soil.  Though we did not estimate arthropod 
abundance at our sites, the population of potential host insects within a field could also 
influence the numbers of EPF in soil.  A field with a small reservoir of potential insect 
hosts, due to the use of insecticides and other factors, could negatively impact the long 
term persistence of EPF (Keller, Kessler & Schweizer 2003; Meyling, Thorup-Kristensen 
& Eilenberg 2011).   
Field managers should be encouraged to learn about the community of beneficial 
entomopathogens that dwell in one’s fields and how some cropping practices can 
negatively affect natural enemies.  Honeybees have garnered a great deal of attention 
in light of recent studies on insecticidal seed treatments and the possible effects on bee 
populations (Krupke et al. 2012).  The same precautions for a particular cropping 
practice should be taken for all beneficial organisms, even those not visible to the eye 
like EPF.  Conventional producers have the option to use organic fertilizers, diversify 
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crop rotations and use pesticides frugally (Bengtsson, Ahnström & Weibull 2005).  A 
cropping system that advocates soil conservation and ultimately the long term 
persistence of entomopathogens could help to control insect pests and simultaneously 
reduce the reliance on synthetic insecticides. 
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Tables & Figures 
Table 1: Results of the linear regression model using stepwise selection (P < 0.15) for 
the 2011 CFU data (n = 144).  Model R2 = 0.2293.  
Variable Estimate Std. error F Value Pr > F 
(Intercept) 2.42664 0.57335 17.91 <.0001 
Total N (%) -7.47744 2.87781 6.75 0.0104 
Tillage -1.16204 0.37193 9.76 0.0022 
Organic Fertilizer 1.45412 0.46996 9.57 0.0024 
Conv. Field & Herbicides -0.89547 0.34473 6.75 0.0104 
Percent Silt 0.02252 0.00858 6.88 0.0097 
Conv. Margin -0.86284 0.34885 6.12 0.0146 
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Table 2: Mixed model analysis of variance for pesticide experiment. 
Model Strain Effect df F value P value 
Model #1a DWR346 Pesticide 4,28 0.25 0.9067 
 
DWR356 Pesticide 4,28 1.23 0.3215 
 
MA1200 Pesticide 4,28 1.18 0.3426 
Model #2b DWR346 Pesticide 4,23 0.96 0.4459 
 
 CFUs 1,23 0.05 0.8309 
 
 Pesticide*CFUs 4,23 0.95 0.4516 
 
DWR356 Pesticide 4,23 0.36 0.8364 
 
 CFUs 1,23 0.70 0.4118 
 
 Pesticide*CFUs 4,23 0.36 0.8317 
 
MA1200 Pesticide 4,23 1.22 0.3281 
 
 CFUs 1,23 1.36 0.2552 
 
 Pesticide*CFUs 4,23 1.30 0.3012 
Model #3c DWR346 Pesticide 4,28 0.87 0.4913 
 
DWR356 Pesticide 4,28 2.54 0.0617 
 
MA1200 Pesticide 4,28 1.82 0.1534 
 
a Model #1: Metarhizium CFUs g-1 soil 
b
 Model #2: Proportion G. mellonella larvae killed by fungi 
c Model #3: Proportion G. mellonella larvae killed by fungi  
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Figure 1:  Six different sites sampled in summers of 2011 and 2012.   
Numbers are centered above a region containing 4 fields within a 5 km radius.  
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Figure 2: Soil sampling schematic.   
Figure 3: Occurrence of fungal entomopathogens on 
A) 2011.  B) 2012.  Significance (*) based on a threshold of 
A 
 
 
Galleria mellonella cadavers plus standard error of the mean
P < 0.05 using χ2 test. NS = not significant.
B 
 
.   
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Figure 4: Mean abundance of soil-borne Metarhizium plus standard error of the mean from our field study using CFU 
counts.  A) 2011.  B) 2012.  Significance (*) based on a threshold of P < 0.05 using a two-sample student t-test.  
NS = not significant. 
  
A B 
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Figure 5: Mean abundance of soil-borne Metarhizium plus standard error of the mean from our field study using CFU 
counts, divided among the six different sites in 2011.  A) Carroll.  B) Hampton.  C) Iowa Falls.  D) Kalona.   
E) Sioux Center.  F) Sutherland
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CHAPTER 3.  GENERAL CONCLUSIONS 
Greater numbers of soil-borne EPF in an agroecosystem can suppress insects 
and, based on more recent findings, can also stimulate plant development and combat 
phytopathogens.  Producers that adopt field management practices which improve soil 
quality and ultimately the survival of these natural enemies can reap the beneficial 
services provided by EPF.  In light of insect resistance to particular insecticides and 
transgenic crops, pest management regimes that integrate the services of natural 
enemies are welcome alternatives.  Based on two years of field data, it would appear 
that the abundance of EPF can be greater in organically-farmed soil and could result 
from the lack of synthetic inputs and practices in soil conservation. 
Given the fact that conventional producers do not adhere to a single protocol and 
have the freedom to use more sustainable cropping practices, I wanted to use a holistic 
approach with my data.  With multiple regression analysis I not only explored organic 
vs. conventional but also looked at abiotic soil properties and field history.  For the 2011 
data, a combination of factors including tillage, percent silt, nitrogen levels and organic 
fertilizers explained the abundance of EPF.  At the same time, we saw no effect of 
organic carbon levels despite literature that suggests otherwise.  The trend of greater 
EPF in organically-farmed soil was not found in summer of 2012.  Previous field studies 
on EPF have also found a great deal of variation by year that may be due to 
environmental factors such as soil temperatures, precipitation and arthropod host 
populations.  Generally speaking, the environmental conditions in Iowa regarding 
average temperatures and rainfall were very different between 2011 and 2012. 
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The idea that pesticides are harmful to EPF is debatable and contextual.  
Laboratory studies using in vitro methods show predictable results with reduced 
germination and growth of EPF exposed to fungicides and other chemicals.  Field 
studies using pesticides have found mixed results for EPF persistence in the soil.  There 
seems to be a trend for B. bassiana to be sensitive to pesticides and more abundant in 
forested and semi-natural habitats.  On the other hand, species in the genus 
Metarhizium seem to be more abundant in agroecosystems and unaffected by most 
pesticides used in the field.  Our lab experiment showed no negative impact of 
fungicides and herbicides on the abundance of three different strains of Metarhizium in 
bulk soil.  There appears to be an effect of some pesticides on the virulence against G. 
mellonella larvae, but only for one of the three strains.  Ultimately, field managers will 
need to consider the pesticides being used in their fields and whether or not they are 
compatible with EPF.  Based upon previous studies and the results gathered in this 
research, it would appear that soil quality and environmental factors could be more 
influential on soil-borne EPF abundance than pesticides. 
In summary, it would appear that organic farming methods are more 
complementary with soil-borne EPF.  However, a few of the conventional producers 
cooperating in the field study had used organic fertilizers and/or no-tillage, and 
averaged greater abundance of Metarhizium in their fields in 2011 than the other 
conventional producers.  Future multiple-year field studies should be carried out that 
experiment with different field management practices in each location, i.e. crop 
rotations, tillage and pesticide applications, to confirm the possible effects of these 
practices on natural populations of soil-borne EPF.
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APPENDIX.  SOIL PROPERTIES AND FIELD HISTORY FOR  
2011 SOIL SAMPLES 
The following tables provide information regarding soil properties and field history 
for the samples taken in 2011.  The data was used in multiple regression analysis to 
explain variation of Metarhizium abundance.  Note that a value of zero for the indicator 
variables means that a practice or description did not apply.  Tables are separated by 
the six sampling sites.  The same information was gathered in 2012 but is not provided 
here.  The multiple regression analysis for 2012 samples did not explain the variation in 
data.
  
 
Table 3: Field history and soil properties for samples from the Iowa Falls site.  For indicator variables, a value of 1 
represents a practice that was applied that year; 0, does not apply.  Note that margin samples do not have a crop.   
N/A = not available. 
  
Site 
GPS  
(Lat & 
Long) 
Crop CONV Field 
CONV 
Margin 
ORG 
Field 
ORG 
Margin 
Sand  
(%) 
Clay 
(%) 
Silt 
(%) 
Total C 
(%)  
Total N 
(%) Tillage 
Organic 
Fertilizer  
Synthetic 
Fertilizer 
Herb-
icide 
Iowa 
Falls 
42.4017, 
-93.3080 Corn 1 0 0 0 44.8 22.4 32.8 2.183 0.1454 1 1 0 1 
Iowa 
Falls 
42.4012, 
-93.3080 N/A 0 1 0 0 47 22.3 30.7 2.655 0.1550 0 0 0 0 
Iowa 
Falls 
42.4025, 
-93.3091 Soybean 1 0 0 0 37.4 23.3 39.4 1.969 0.1375 0 0 0 0 
Iowa 
Falls 
42.4031, 
-93.3091 N/A 0 1 0 0 41.3 21.2 37.5 3.160 0.1801 0 0 0 0 
Iowa 
Falls 
42.3527, 
-93.3067 Corn 0 0 1 0 49.5 20.4 30.1 1.404 0.1204 0 0 0 0 
Iowa 
Falls 
42.3535, 
-93.3067 N/A 0 0 0 1 50.2 19.0 30.7 1.818 0.1345 0 0 0 0 
Iowa 
Falls 
42.3526, 
-93.3086 Soybean 0 0 1 0 32.9 25.0 42.1 2.458 0.1131 1 0 0 0 
Iowa 
Falls 
42.3535, 
-93.3086 N/A 0 0 0 1 44.6 21.1 34.4 2.289 0.1274 0 0 0 0 
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Table 4: Field history and soil properties for samples from the Kalona site.  For indicator variables, a value of 1 represents 
a practice that was applied that year; 0, does not apply.  Note that margin samples do not have a crop.   
N/A = not available. 
 
 
  
Site 
GPS  
(Lat & 
Long) 
Crop CONV Field 
CONV 
Margin 
ORG 
Field 
ORG 
Margin 
Sand  
(%) 
Clay 
(%) 
Silt 
(%) 
Total C 
(%)  
Total N 
(%) Tillage 
Organic 
Fertilizer  
Synthetic 
Fertilizer 
Herb-
icide 
Kalona 41.4638, 
-91.6627 Corn 1 0 0 0 3.3 18.5 78.2 1.764 0.1226 1 1 0 1 
Kalona 41.4627, 
-91.6626 N/A 0 1 0 0 6.6 19.1 74.3 1.918 0.1051 0 0 0 0 
Kalona 41.4620, 
-91.6626 Soybean 1 0 0 0 3.5 17.6 78.9 1.878 0.1632 0 0 0 0 
Kalona 41.4627, 
-91.6626 N/A 0 1 0 0 4.0 21.0 75.0 1.344 0.0770 0 0 0 0 
Kalona 41.4598, 
-91.6515 Corn 0 0 1 0 3.5 19.6 76.9 1.798 0.1256 1 1 0 0 
Kalona 41.4605, 
-91.6515 N/A 0 0 0 1 5.4 20.8 73.8 2.506 0.1366 0 0 0 0 
Kalona 41.4634, 
-91.6971 Soybean 0 0 1 0 16.5 14.8 68.7 1.467 0.0877 0 0 0 0 
Kalona 41.4634, 
-91.6977 N/A 0 0 0 1 12.2 16.7 71.1 2.272 0.1727 0 0 0 0 
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Table 5: Field history and soil properties for samples from the Hampton site.  For indicator variables, a value of 1 
represents a practice that was applied that year; 0, does not apply.  Note that margin samples do not have a crop.   
N/A = not available. 
 
Site 
GPS  
(Lat & 
Long) 
Crop CONV Field 
CONV 
Margin 
ORG 
Field 
ORG 
Margin 
Sand  
(%) 
Clay 
(%) 
Silt 
(%) 
Total C 
(%)  
Total N 
(%) Tillage 
Organic 
Fertilizer  
Synthetic 
Fertilizer 
Herb-
icide 
Hampton 42.6704, 
-93.2475 Corn 1 0 0 0 65.8 12.0 22.2 1.492 0.0683 1 0 1 1 
Hampton 42.6704, 
-93.2475 N/A 0 1 0 0 51.2 15.6 33.2 1.437 0.1074 0 0 0 0 
Hampton 42.6704, 
-93.2475 Soybean 1 0 0 0 48.0 18.1 33.9 1.773 0.1006 1 0 1 1 
Hampton 42.6704, 
-93.2475 N/A 0 1 0 0 48.2 21.4 30.4 4.803 0.1932 0 0 0 0 
Hampton 42.6682, 
-93.2385 Corn 0 0 1 0 47.4 19.1 33.6 1.202 0.0618 1 1 0 0 
Hampton 42.6682, 
-93.2385 N/A 0 0 0 1 55.4 15.0 29.6 2.426 0.1661 0 0 0 0 
Hampton 42.6682, 
-93.2385 Soybean 0 0 1 0 48.6 17.8 33.6 1.681 0.0878 1 1 0 0 
Hampton 42.6682, 
-93.2385 N/A 0 0 0 1 55.1 14 30.9 1.833 0.0900 0 0 0 0 
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Table 6: Field history and soil properties for samples from the Carroll site.  For indicator variables, a value of 1 represents 
a practice that was applied that year; 0, does not apply.  Note that margin samples do not have a crop.   
N/A = not available. 
 
Site GPS  (Lat & Long) Crop 
CONV 
Field 
CONV 
Margin 
ORG 
Field 
ORG 
Margin 
Sand  
(%) Clay (%) Silt (%) Org. C (%)  Total N (%) Tillage 
Organic 
Fertilizer  
Synthetic 
Fertilizer 
Herb-
icide 
Carroll 41.9992, 
-94.9045 Corn 1 0 0 0 2.5 28.5 69 4.066 0.228 0 0 1 1 
Carroll 41.9992, 
-94.9045 N/A 0 1 0 0 1.7 31.5 66.8 2.391 0.1647 0 0 0 0 
Carroll 41.9992, 
-94.9045 Soybean 1 0 0 0 2.0 29.5 68.5 2.599 0.2085 0 0 1 1 
Carroll 41.9992, 
-94.9045 N/A 0 1 0 0 1.9 29.7 68.4 3.937 0.2567 0 0 0 0 
Carroll 41.9888, 
-94.9012 Corn 0 0 1 0 5.1 31.4 63.5 2.115 0.1643 1 1 0 0 
Carroll 41.9888, 
-94.9012 N/A 0 0 0 1 1.8 29.5 68.7 3.540 0.2297 0 0 0 0 
Carroll 41.9967, 
-94.9365 Soybean 0 0 1 0 5.7 27.0 67.3 2.315 0.1593 1 1 0 0 
Carroll 41.9967, 
-94.9365 N/A 0 0 0 1 13.6 27.7 58.7 2.164 0.1502 0 0 0 0 
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Table 7: Field history and soil properties for samples from the Sioux Center site.  For indicator variables, a value of 1 
represents a practice that was applied that year; 0, does not apply.  Note that margin samples do not have a crop.   
N/A = not available. 
Site GPS  (Lat & Long) Crop 
CONV 
Field 
CONV 
Margin 
ORG 
Field 
ORG 
Margin 
Sand  
(%) Clay (%) Silt (%) Org. C (%)  Total N (%) Tillage 
Organic 
Fertilizer  
Synthetic 
Fertilizer 
Herb-
icide 
Sioux 
Center 
43.1115, 
-96.1750 Corn 1 0 0 0 2.2 29.8 68 2.860 0.1767 1 0 0 1 
Sioux 
Center 
43.1115, 
-96.1750 N/A 0 1 0 0 3.6 30.7 65.7 3.457 0.2295 0 0 0 0 
Sioux 
Center 
43.1206, 
-96.1755 Soybean 1 0 0 0 2.2 29.3 68.5 2.482 0.1897 0 0 0 1 
Sioux 
Center 
43.1206, 
-96.1755 N/A 0 1 0 0 4.8 28.7 66.5 3.026 0.1909 0 0 0 0 
Sioux 
Center 
43.0604, 
-96.2743 Corn 0 0 1 0 2.9 29.9 67.2 2.508 0.1419 1 0 0 0 
Sioux 
Center 
43.0604, 
-96.2743 N/A 0 0 0 1 31.6 20.5 47.9 3.651 0.2148 0 0 0 0 
Sioux 
Center 
43.0716, 
-96.2670 Soybean 0 0 1 0 2.6 33.3 64.1 2.376 0.1615 1 0 0 
 
0 
 
Sioux 
Center 
43.0716, 
-96.2670 N/A 0 0 0 1 3.6 31.3 65.1 4.045 0.3009 0 0 0 0 
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Table 8: Field history and soil properties for samples from the Sutherland site.  For indicator variables, a value of 1 
represents a practice that was applied that year; 0, does not apply.  Note that margin samples do not have a crop.   
N/A = not available. 
 
 
Site 
GPS  
(Lat & 
Long) 
Crop CONV Field 
CONV 
Margin 
ORG 
Field 
ORG 
Margin 
Sand  
(%) 
Clay 
(%) 
Silt 
(%) 
Org. C 
(%)  
Total N 
(%) Tillage 
Organic 
Fertilizer  
Synthetic 
Fertilizer 
Herb-
icide 
Sutherland 42.9674, 
-95.5710 Corn 1 0 0 0 2.1 35.2 62.7 2.826 0.1823 1 0 1 1 
Sutherland 42.9674, 
-95.5710 N/A 0 1 0 0 2.0 37.4 60.5 3.087 0.1866 0 0 0 0 
Sutherland 42.9674, 
-95.5710 Soybean 1 0 0 0 1.8 34.8 63.4 3.252 0.1504 1 0 1 1 
Sutherland 42.9674, 
-95.5710 N/A 0 1 0 0 1.4 37.1 61.5 3.967 0.2260 0 0 0 0 
Sutherland 42.9689, 
-95.5674 Corn 0 0 1 0 2.3 31.6 66.1 3.448 0.2118 1 1 0 0 
Sutherland 42.9689, 
-95.5674 N/A 0 0 0 1 2.6 29.7 67.7 3.628 0.2273 0 0 0 0 
Sutherland 42.9689, 
-95.5674 Soybean 0 0 1 0 3.7 28.1 68.3 2.678 0.1556 0 0 0 0 
Sutherland 42.9689, 
-95.5674 N/A 0 0 0 1 3.7 32 64.3 3.15 0.2042 0 0 0 0 
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